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Polyphenylacetylene (PPA)Abstract Polyaniline (PANI) was prepared by chemical method using FeCl3 as oxidizing agent.
Emeraldine base (EB) was prepared using 0.1 M ammonia solution, and redoped using HCl,
(±)-10-camphorsulfonic acid (CSA) and p-toluenesulfonic acid (PTSA). The electrical conductivity
of EB was increased by doping. Polyphenylacetylene (PPA) and its complexes with KI and NaOEt
were prepared and their electrical conductivities were studied. FTIR was used for characterizing the
structures.
ª 2014 Production and hosting by Elsevier B.V. on behalf of Egyptian Petroleum Research Institute.
Open access under CC BY-NC-ND license.1. Introduction
Polymers have emerged as one of the most important materials
in the twentieth century [1,2]. The twenty-ﬁrst century will
undoubtedly see the use of polymers moving from primarily
passive materials such as coatings and containers to active
materials with useful optical, electronic, energy storage and
mechanical properties [3–5]. Conducting polymers possess a
variety of properties related to their electrochemical behavior
and are therefore active materials whose properties can be
altered as a function of their electrochemical potential [6,7].
Many new conducting polymers have been synthesized and
studied, starting with simple molecules such as acetylene,
aniline and heterocycles such as pyrrole and thiophene, the
ﬁeld has expanded to include polymers made up of aromatic
molecules such as benzene [8–10], aniline and heterocycles suchas pyrrole and thiophene, the ﬁeld has expanded to include
polymers made up of aromatic molecules such as benzene.2. Experimental
2.1. Materials
Aniline, pyrrole and PA were produced from Fluka, they were
distilled under vacuum in the presence of nitrogen atmosphere.
FeCl3 and HCl were used as received. Benzoyl peroxide was
produced from Aldrich.2.2. Preparation of PANI
Two solutions of aniline monomer and FeCl3 in aqueous acid
media were prepared. The ﬁrst solution contains 0.5 M of
aniline in 250 ml aqueous 0.1 M HCl solution. The second
solution contains 0.03 mol of FeCl3 in 250 ml aqueous 0.1 M
HCl solution. The FeCl3 solution was added dropwise to the
aniline solution and the temperature of the solution was kept
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originally colorless mixture turns blue and later becomes dark
green. The dark green color indicated the formation of emeral-
dine form. The precipitate was collected and washed with
0.1 M HCl solution followed by methanol to remove the unre-
acted monomer and the impurities.
2.3. Preparation of PPY
Two solutions of pyrrole monomer and FeCl3 in aqueous acid
media were prepared. The ﬁrst solution contains 0.5 M of pyr-
role in 250 ml aqueous 0.1 M HCl solution. The second solu-
tion contains 0.03 mol of FeCl3 in 250 ml aqueous 0.1 M
HCl solution. The FeCl3 solution was added dropwise to the
pyrrole solution and the temperature of the solution was kept
constant at 5 C. The dark color indicated the formation of
polypyrrole form. After the reaction was over, the reaction
mixture was poured into a beaker containing 500 ml of dis-
tilled water, stirred for half an hour and the precipitated poly-
mer was ﬁltered by conventional method. The precipitate was
collected and washed with 0.1 M HCl solution followed by
methanol to remove the unreacted monomer and the
impurities.
2.4. Preparation of doped EB
EB was prepared by treating PANI salt with ammonia solu-
tions. The PANI salt was treated with 1 M ammonia solution
and stirred till neutralization for 24 h. The color changed
from green to dark. PANI-HCl was prepared by addition of
1 M HCl to a calculated quantity of EB with stirring till
pH reaches 3–4. A pellet was prepared from the resulting salt
having 1 cm diameter and 1 mm thickness using a hydraulic
press at ﬁve metric ton pressure. PANI-CSA and PANI-
PTSA salt was prepared by mixing EB with different types
of dopants (CSA–PTSA) in a molar ratio equal to 1:0.5 in
a mortar and pestle to obtain the fully protonated conducting
polymer salt. After it was mixed it was dissolved in an appro-
priate amount of a dry mixture of m-cresol and chloroben-
zene (an antigelation agent) to obtain 1.6% polymer
solution. The mixture was then dried at 60 under a dynamic
pressure.
2.5. Preparation of PAM-Co-PPY
Two solutions of a mixture of aniline with pyrrole monomers
and FeCl3 were prepared. The ﬁrst solution contains 45 g of
aniline and 33.3 g of pyrrole dissolved in 250 ml of dilute
HCl and the second solution contain 65 g of an oxidizing agent
dissolved in 250 ml of dilute HCl.
The FeCl3 solution was added dropwise to the mixture and
the temperature of the solution was kept constant at 5 C. The
originally colorless mixture turns from yellow to brown and
later becomes dark. The dark color indicated the formation
of the co-polymer. After the reaction was over, the reaction
mixture was poured into a beaker containing 500 ml of dis-
tilled water, stirred for half an hour and the precipitated poly-
mer was ﬁltered by conventional method. The polymer was
washed with distilled water several times till the ﬁltrate
obtained was colorless and neutral in nature. The polymer
samples obtained in powder form were dried ﬁrst at room tem-perature for few hours and then ﬁnally dried in the oven kept
at 60 for 4–5 h. The dried polymer powder was preserved in a
desiccator. The yield was dried and characterized.2.6. Preparation of polyphenylacetylene
0.5 mol (51 g  54.84 ml) of phenylacetylene was dissolved in
150 ml benzene and then 1 g of benzoyl peroxide was added.
The mixture was heated under reﬂux at 70 C for 3–4 h. The
polymer was precipitated with methanol.
5 g of PPA was dissolved in benzene then it was mixed sep-
arately with a solution of KI or NaOEt, by stirring the mixture
for 30 min. The mixture was left till the solvent was evapo-
rated. The KI and NaOEt were 50% by weight of PPA. The
two solutions were dried till constant weight and pressed into
pellets having 1 cm diameter and 1 mm thickness using a
hydraulic press at ﬁve metric ton pressure.2.7. Molecular weight determination
It was established using gel permeation chromatography
(GPC). The average molecular weight was determined using
a CRYETTEA instrument-automatic cryoscope. The method
was based on the Avogadro–Gerhadt law. The average molec-
ular weight Mw was found to be 22,249.2.8. Physical measurement
2.8.1. Measuring of electrical conductivity
The different polymer samples were pressed into pellets in a
hydraulic press at ﬁve metric ton pressure. The pellets are
1 cm diameter and 1 mm thickness. The conductivity measure-
ments were carried out by a Keithley electrometer model
6517A. Keithley electrometer was used to measure the voltage,
current and resistance. The speciﬁc resistivity and the speciﬁc
conductivity are calculated from the following equations:
q ¼ RA=L
r ¼ i=q
where q is the speciﬁc electrical resistivity, R is the resistance
measured, A is the area of the pellet, L is the thickness of
the pellet, and r is the speciﬁc electrical conductivity of the
material.
The pellets were placed between two copper electrodes of
an electric cell. The electrodes were connected to the two termi-
nals of the Keithley electrometer. The cell was placed inside a
furnace. The temperature of the specimen was measured by
thermocouple temperature probe of the type TP30 placed near
the sample and attached to a mill voltmeter. Accordingly the
temperature inside the cell could be measured between 30 C
and 150 C. Light emitting diode was constructed by deposit-
ing a layer of gold (Au) having a diameter equal to 0.02 cm,
on the polymer and porous silicon (PSi) respectively, by ther-
mal evaporation technique in vacuum. The silicon layer which
is in contact with the polymer ﬁlm has a surface area 2 mm2.
The polymer ﬁlm has thickness between l0 and 50 lm, and is
precipitated from chloroform (30 mg/ml) on the porous silicon
area.
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The capacitance is deﬁned as the total electrical charge
through a system divided by the potential. The dark capaci-
tance–voltage characteristics of Au polymer p-Si heterojunc-
tions were measured at 1 MHz. This frequency is high
enough to neglect the dielectric relaxation process in polymer
and get information on the depletion region extended in the
p-Si side. Fig. 7 shows the (C2–V).
2.8.3. Characteristics of the Au/polymer/p-Si heterojunction at
room temperature
The linearity of this dependence indicates that the junction is
considered as an abrupt heterojunction. The net carrier con-
centration and the built in voltage are obtained from the slope
and the intercept of the straight line of Fig. 7, as 1.8*105 cm3
and 0.55 ± 0.02 V, respectively.
The maximum barrier ﬁeld which exists at the interface of
polymer/p-Si is determined from the following equation:
Emax ¼ 2Vb=W
where Vb is the built in voltage, and W is the width of the
depletion region.
W ¼2 A=C0
C0 is the capacitance at zero bias.
The calculated value of Emax is 2.0*10
3 V/cm under illumi-
nation of 500 W, the photocurrent obtained in the reverse
direction is strongly increased by photo illumination.
The temperature dependence of conductivity of the EB
protonated by CSA, PTSA and HC1 is presented as r vs
temperature in centigrade Figs. 8–10. It can be shown that
the conductivity increases with increasing temperature and
also it is observed that the plots are almost linear. The increase
in conductivity with temperature is owing to thermal activa-
tion (the charge carriers absorb phonons and are activated
over the barriers. Charge carriers grow exponentially as the
temperature rises. The increase in temperature gives more
and more valence electrons with enough energy to jump into
the conduction band. Holes and electrons produce an electric
current).Figure 1 FTIR of PANI-Co-PPY.
Figure 2 FTIR of PANT, PPY and PANI-Co-PPY.3. Results and discussion
Conjugated organic polymers are either electrical insulators or
semiconductors. When the electrical conductivity increases by
several orders of magnitude from the semiconductor regime
they are generally referred to as ‘‘electronic polymers’’ and
have become of very great scientiﬁc and technological impor-
tance since 1990 because of their use in light emitting diodes.
In the ‘‘doped’’ state, the backbone of a conducting polymer
consists of a delocalized pi system. In the undoped state, the
polymer may have a conjugated backbone such as in trans-
(CH)x which is retained in a modiﬁed form after doping.
Doped PANI prepared was dedoped (EB) by 0.1 M NH4oh
(aq), and then redoped by different acids (CSA, PTSA and
HCl). Figs. 8–10 show the speciﬁc electrical conductivity of
EB doped with CSA, PTSA and HCl. It can be shown that
the electrical conductivity in the case of EB-CSA is higher than
that of EB-PTSA which is higher than EB-HCl. Avylanov
et al. have suggested that ﬁlms with the highest electrical con-
ductivity can be obtained by protonating all the imine siteswith CSA, PTSA or HCl. The increase in conductivity with
temperature can be attributed to the increase in polaron
delocalization owing to thermal activation. Rising temperature
gives more and more valence electrons with enough energy to
jump into the conduction band, valence electrons and the cor-
responding holes produce the electric current. Determination
of the polymer structure: FTIR characterizations were per-
formed using a Perkin-Elmer 1650 FTIR spectrophotometer
with the KBr technique between 400 cm1 and 4000 cm1.
The structure is estimated from Figs. 1–6. The band at
1441 cm1 is due to –C‚C– stretching vibration. The greater
the conjugated bonds, the higher the conductivity.
Fig. 3 represents the JR spectrum for PPA. The main char-
acteristic bands of doped PPA are assigned as follows: The
characteristic sharp band at 700 cm1 is due to C–H bending
vibrations and the band at 755 is due to cis and trans PPA
and monosubstituted benzene. Therefore, the polymerization
product was considered to have a linear polyene structure.
The sharp characteristic bands at 1094 cm1 and 1262 cm1
are characteristics for deformation vibrations of CH bonds
of monosubstituted and para-disubstituted benzene rings.
Figure 3 IR spectrum for PPA.
Figure 4 IR spectrum for PPA.
Figure 5 IR spectrum for PPA doped with NaOC2H5.
Figure 6 IR spectrum for PPA.
Figure 7 The I–V characteristic curve with an illumination of
power of 500 W PPY/p-Psi heterojunction.
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Absorptions due to the stretching vibration of a polyconjugat-
ed double bond are seen at 1495 cm1 and 1597 cm1. The
strong absorption at 1495 cm1 is due to the stretching vibra-
tion of a polyconjugated double bond while the absorption at
1495 cm1 is due to the stretching vibration of a trisubstituted
double bond. The characteristic sharp band at 2945 cm1 is
due to C–H stretching vibration of an oleﬁnic proton.
Figs. 4 and 5 represent the IR spectrum for PPA doped with
KI and C2H5ONa, respectively. Figs. 4 and 5 show the disap-
pearance of 1597 cm1 and 1441 cm1 bands due to the intro-
duction of K+ or Na+ ions.
Fig. 6 represents the IR spectrum for PPA. The main char-
acteristic bands of doped PPA are assigned as follows: The
characteristic sharp band at 700 cm1 is due to C–H bending
vibrations and the band at 755 is due to cis and trans PPA
and monosubstituted benzene. Therefore, the polymerization
product was considered to have a linear polyene structure.
The sharp characteristic bands at 1094 cm1 and 1262 cm1
are characteristics for deformation vibrations of CH bonds
of monosubstituted and para-disubstituted benzene rings.
The band at 1441 cm1 is due to C‚C stretching vibration.
Absorptions due to the stretching vibration of polyconjugated
double bond are seen at 1495 cm1 and 1597 cm1. The strongabsorption at 1495 cm1 is due to the stretching vibration of a
polyconjugated double bond while the absorption at
Figure 8 Plot of r vs temperature for EB with CSA in
centigrade.
Figure 9 Plot of r vs temperature for EB with PTSA in
centigrade.
Figure 10 Plot of r vs temperature for EB with HCl in
centigrade.
Figure 11 Protonation of the imine sites in EB with CSA, PTSA
and HC1 respectively.
Figure 12 Plot of log q vs 103/T for EB (where T is the absolute
temperature in Kelvin K).
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double bond. The characteristic sharp band at 2945 cm1 is
due to C–H stretching vibration of an oleﬁnic proton.
Fig. 11 shows how different acids can enter the backbone of
PANI.
From this scheme part I, II and III indicate the protonation
of the imine sites in EB with CSA, PTSA and HCl respectively.
Fig. 12 shows the plot of log q vs 103/T for EB without addi-
tives which is slightly curved. Figs. 13 and 14 show the varia-
tion of log q vs 103/T for EB with CSA and PTSA respectively.
Figs. 15 and 16 show the plot of the speciﬁc electric conductiv-
ity r vs temperature in centigrade for PPA and PPA with addi-
tives which are straight lines.
Fig. 12 shows that log q vs 103/T is almost linear in the case
of EB without additives. Figs. 13 and 14 give this relation for
EB with CSA and PTSA log q0 vs 10
3/T is linear and obeys the
relation between the electrical resistivity vs the absolute tem-
perature, for semiconductors:
Figure 13 Plot of log q vs 103/T for EB with CSA using a molar
ratio of EB:PTSA 1:0.5.
Figure 14 Plot of log q vs 103/T for EB with PTSA using a molar
ratio between EB:PTSA 1:0.5.
Figure 15 A variation of conductivity vs temperature for the
PPA.
Figure 16 A variation of conductivity vs temperature for the
PPA.
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ity, R is the gas constant which is approximately equal to
2 cal.deg1 mol1 and q0 is the intrinsic resistivity, which is
the speciﬁc resistivity at T=1.The conduction phenomena can be explained proposing
better that when an electron is removed from the top of the
valence band by doping (EB) with acids. Also a vacancy is
observed (hole or radical cation). A radical cation when it par-
tially delocalized over some polymer segment is called a
polaron; a bipolaron i.e. cation has two charges associated
with the localized polymer segment and their mobility is
observed as the temperature varies. The electrical conductivity
which is observed in this blend is associated with thermal
arrangement of double and single bonds in the conjugated sys-
tem. Conduction by polarons and bipolarons is the mechanism
of charge transport in polymers with degenerate ground states.
The ﬁnal magnitude of the conductivity depends both on the
number of change carriers as well as their mobility.
3.1. Charge carriers as well as their mobility
The number of charge carriers is essentially dependent on the
dopant level while the mobility is associated with the distance
barrier between the two defect sites in which the charge carrier
hops, it was seen that the HCL dopant not only increases the
dopant concentration but also creates the additional band
gaps.
Figs. 15 and 16 show the variation of conductivity vs tem-
perature in centigrade for PPA. This relation obeys the follow-
ing equation:
rt ¼ r0oðlþ atÞ
where rt is the speciﬁc electric conductivity at temperature t in
centigrade, r0 is the speciﬁc electric conductivity at tempera-
ture 0 C and a is the coefﬁcient of the electrical conductivity.
Fig. 17 gives the relation of the dark I–V characteristics of
PPY-P Si heterojunction cell for the forward and reverse bias
at 300 K.
3.2. Illuminated current–voltage characteristics
The current–voltage characteristics of PPY/p-Si heterojunc-
tion of the cell in the dark and under white light illumination
of 500 W are shown in Figs. 17 and 7. The illumination
Figure 17 The dark I–V characteristics of PPy/p-PSi hetero-
junction cell for the forward bias and reverse bias at 300 K.
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determined by plotting the I–V characteristic curve with an
illumination of power 500 W. The direction of the incident
light is from the polymer side. It can be seen that the current
value at a given voltage for polymer/p-Si cell under illumina-
tion is higher than that in the dark, indicating the generation
of photoelectrons, via polymer excision intermediate, followed
by electron transfer from polymer into p-Si through the poten-
tial barrier of the interface. This is a result of a difference in the
electron afﬁnities between the two semiconductors. So, it has
been suggested that the light is absorbed at both polymer
and Si. The generation of photoelectrons, via both polymer
and Si excision intermediate, was followed by electron transfer
from p-Si into polymer through the potential barrier at the
interface. It is noteworthy that the photocurrent in the reverse
is strongly enhanced by photo-illumination. This behavioryields useful information on the electron–hole pairs, which
were effectively generated in the junction by incident photons.
Under the inﬂuence of the electric ﬁeld at the junction, elec-
trons are accelerated toward the polymer, while the generated
holes are swept toward the Si along the potential barrier at the
interface.
4. Conclusion
Aniline was polymerized by chemical method using FeCl3 as
oxidizing agent. PANI was dedoped using 0.1 M NH4OH
forming EB. EB was redoped forming emeraldine salt using
CSA, PTSA and HC1, electrical conductivity was determined.
The electrical conductivity of EB was increased by doping
process. PPA and its complexes with KI and NaOEt were pre-
pared and their electrical conductivities were studied. EB
doped with different acids and PPA and its complex with KI
and NaOEt were found to be semiconductors. The FTIR
was used to characterize the structures.
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